This paper presents a new method for identifying the type of solid hydrometeor mainly contributing to snowfall from the measured size and fall speed data. The main type is determined from the relationship between measured size and fall speed by considering the contributions of various hydrometeor types to precipitation, including graupel, graupel-like snow, aggregates at different riming stages, and small particles such as single snow crystals. The mass flux of each hydrometeor, defined as the product of its mass and fall speed, is needed to evaluate its contribution; however, it is practically difficult to measure. In this study, we estimate mass flux from the empirical relationships between size and mass and between size and fall speed. The mass flux distribution in the size̶fall speed coordinates for all measured hydrometeors is found to accurately reflect the characteristics of types of hydrometeors and their contribution to observed precipitation. Considering these results, we introduce a new variable, the center of mass flux distribution (CMF), in the size̶fall speed coordinates. The CMF, which is the average of size and fall speed weighted by the mass flux, can be obtained in the same way as the center of gravity in mechanics. We believe that it indicates the size and fall speed of the principal hydrometeors among all particles in the observation period. This new method allows the quantitative identification of the main hydrometeor types from the locations of CMFs in the coordinates of size and fall speed. We verify this method by its application to different types of observed snowfall events. Although there is some ambiguity in estimating the mass flux, the method is expected to be useful for identifying the main hydrometeor types in snowfall events and for quantitatively interpreting returned radar power.
and modeling precipitation processes. The relationship between radar reflectivity and precipitation rate has been studied both by theoretical studies and observations. For rain, which has only liquid hydrometeors, radar observations have been improved by the introduction of polarized wave technology, although the estimation of radar reflectivity from the particle size distribution remains difficult (Tokay et al. 2009 ). However, for solid precipitation, marginal improvement has been made, mainly because of the diversity of hydrometeor types. The relationship between radar reflectivity and snowfall rate varies according to the type of snow crystal, the degree of riming and aggregation, the density of the hydrometeors, and the terminal velocity (Rasmussen et al. 2003) . A method for characterizing solid precipitation that reflects both the snow type and the size̶fall speed distribution is desirable.
In our previous study (Ishizaka et al. 2004a, b) , we found that the type of solid precipitation could be estimated from the relationship between its dimension and fall speed. By assessing the size̶fall speed relationship, measured under wind-shielded conditions, we could determine the main snow types during an observation period. The classification we described in that study was not based on the snow crystal type (Magono and Lee 1966) , but instead on the general falling snow type (i.e., graupel, graupel-like snow, aggregates at different riming stages, and small single particles). If hydrometeors including liquid precipitation could be measured, additional categories such as rain, sleet, and wet snow, could be added to the classification.
Recent studies utilizing radar meteorology and meteorological instruments have reported similar classification methods based on the size̶fall speed relationship. For example, Yuter et al. (2006) discussed the precipitation size and fall speed characteristics of rain, sleet, and wet snow using a method based on measurements by the particle size and velocity disdrometer "Parsivel" (OTT Hydromet GmbH; Löffler-Mang and Joss 2000) . Barthazy (2004) used the relationship between size and fall speed to test the hydrometeor velocity and shape detector, a device developed to measure the shape and fall speed of hydrometeors. These studies demonstrated that the size̶fall speed relationship varies according to the snow type and that different precipitation types have distinguishable empirical size̶fall speed relationships. However, in all cases including our previous study (Ishizaka et al. 2004a, b) , the fall speed for a given size scatters around the empirical relationship because of the natural variability of snowflake properties and instrument-induced error (Zawadzki et al. 2010) . Thus, the interpretation of a size̶fall speed distribution pattern may be fairly subjective for cases requiring finer identification. A more critical and quantitative identification method for describing snow type is needed.
Here we present a new method that can quantitatively describe the dominant type of solid hydrometeor that contributes to snowfall. This method estimates the mass of each hydrometeor of a given size and fall speed from the empirical size-mass relationship. Furthermore, a new variable̶center of mass flux (CMF)̶is introduced, which is considered to represent both the size and fall speed of the main hydrometeors that contribute to precipitation during an observation period. The CMF changes according to the snow type during an observation period. The main hydrometeor type can be quantitatively determined from the location of the CMF in the size̶fall speed coordinates.
This method is not restricted to a specific instrument and can be applied to measured data for hydrometeors of any size and fall speed. Here we introduce the method using examples from our observations. The next section briefly presents our observations, after which we describe the new method.
Observations and measuring system
We have observed precipitation each winter since 2002 at the Falling Snow Observatory (FSO) of the Snow and Ice Research Center at the National Research Institute for Earth Science and Disaster Prevention (NIED) in Nagaoka, Japan. The FSO is located in a coastal area facing the Sea of Japan, where the Siberian monsoon brings heavy snowfall in winter. In typical years, snowfall accumulates to around 1 m on average, and in heavy snow years, 2 m or more of snowfall may accumulate.
Snowfall is observed at the FSO by using an automated detection system for solid particles. The system includes a charge-coupled device (CCD) camera and a continuous close-up photographic system. Occasionally, manual observation is conducted using a microscope. Measurements of the size and fall speed of falling snow are performed using the CCD camera system, an improvement on the older computer-based measurement system developed in 1984 (Muramoto et al. 1989 (Muramoto et al. , 1993 . Using this new system, we can automatically obtain quantitative data on precipitation particles in the air, including the size and fall speed distribution and particle shape Vol. 91, No. 6 Journal of the Meteorological Society of Japan 748 information. Figure 1 shows the configuration of the CCD camera system. To detect the natural fall speed (approximate terminal speed) of hydrometeors, the measuring apparatus was placed in a space enclosed by double-net fences (Fig. 2) . Precipitation particles falling into the narrow slit (0.2 m width) under weak wind conditions are illuminated by halogen lamps and photographed through the zoom lens of the CCD video camera set at a distance of 2 m. The shutter speed of the camera is 1/4000 of a second. At such a high shutter speed, the displacement of solid particles by their falling motion is negligible. The size of the captured image is 0.12 m (H)× 0.16 m (W), which corresponds to 240 × 640 pixels.
Observation system
Prior to winter 2004/2005, the system continuously recorded particles for two-thirds of a second, which corresponds to 480 frames, every 5 seconds. These images were stored in an image processor (resolution: 240 × 640 pixels, 256 levels). Since the winter of 2004/2005, the recording interval has improved to 1 second every 5 seconds. The recording interval depends on the performance of the computerʼs CPU, because the time not used for capturing images is used to process the images. During image processing, all captured images are binarized at an appropriate threshold level to detect precipitating particles. Then, for each detected particle, data for the particleʼs highest position, maximum horizontal width, lowest position, and the surrounding pixels of particles are calculated and stored in the computerʼs hard disk. Here we use the maximum horizontal width of a particle as its size. The resolution, or minimum length of one pixel in the horizontal direction, is 0.25 mm.
Detection of fall speed
The fall speed of precipitation particles is obtained by processing the numerical data using the following algorithm. Figure 3 shows two photographs captured consecutively. The right-hand photograph was captured 1/60 of a second later than the left-hand one. The fall speed of the particles can be calculated from the displacement of the same particle recorded in the two photographs. To identify the same particle in consecutive photos, we developed a function to evaluate the similarity of each pair of images (Shiina et al. 2004; Ishizaka et al. 2004a ). Comparing all images on the left-hand side with those on the right-hand side, we chose as pairs those particle images having the highest score of similarity. After identifying similar images, the fall speed of each particle was calculated from its vertical displacement. The identification and calculation of fall speed were done automatically using , corresponding to the minimum displacement for 1/60 of a second. The vertical and horizontal resolutions, determined by the size of the bin in our measurement, were 0.25 mm for particle size and 0.03 m s −1 for fall speed. Some errors are inherent in this process. For example, every particle is not always matched in a correct pair in this automated identification process because of a lack of a corresponding image in the consecutive photos (non-identified particle). Even though small particles with cross-section images less than 4 pixels were eliminated from the identification tally (particles with images less than 4 pixels in size were automatically counted among the nonidentified), misidentification may also occur when many small particles are present in the target volume, since their cross-section images may not have distinct characteristics. Misidentification often leads to extremely high or low values in the fall speed of particles. In our observation, the misidentified particles were specified by setting criteria for fall speed. Particles for which fall speed was more than that of a lump graupel or less than that of single dendrite crystal were treated as misidentified. Both the misidentified and nonidentified particles were allotted to the correctly identified size̶fall speed bins in proportion to their distribution. Some errors are expected in this process; thus, a sophisticated algorithm is needed; however, it is not the focus of this study in which we introduce a method for identifying the main hydrometeor type. Although we do not discuss measurements further in this study, more details of our observation method can be found in another study (Shiina et al. 2004 ).
Observed size̶fall speed distributions and main snow types (the former method)
The size̶fall speed relationship observed under weak wind conditions accurately reflects the main snow types. The number (count) of observed particles in each bin is expressed by gray-scale shading. The white circles indicate the points obtained from simply averaging size and fall speed. The curves "a" and "b" correspond to the empirical relationships for conical graupel reported by Locatelli and Hobbs (1974) and that for densely rimed aggregate by Ishizaka (1995) , respectively. JST denotes Japan Standard Time.
as the number of particles, which is equal to the number of counts observed in our observations, in each bin with gray-scale shading. The curves "a" and "b" on the graphs correspond to the empirical relationship for conical graupel reported by Locatelli and Hobbs (1974) and that for densely rimed aggregate by Ishizaka (1995) respectively. Referring to the empirical relationship, we can determine the main snow types. For example, in case (A), the main snow type is identified as graupel, because most of the particles are distributed around the empirical relation curve of conical graupel. Similarly, in case (B), the main snow type can be identified as rimed aggregate, for which the degree of riming is lower than that in the densely rimed aggregate, because most of the particles are distributed at a lower part of the empirical relation curve, in contrast to the densely rimed aggregates. This method for identifying snow type is the method we have presented in a previous study (Ishizaka et al. 2004a, b) , which is useful for the approximate identification of the main hydrometeor types when their types differ widely. However, there are two problems with this method. First, it is difficult to distinguish marginal differences in size̶fall speed distributions with this method. In such cases, the identification of the snowfall type can become subjective. A second problem is that most of the small-sized bins have relatively high number concentrations, as can be seen in Fig. 4 . In the figure, the white circles denote the averages and are plotted in small-sized bins in both cases. The same tendency is observed in almost all snowfall events. The particles belonging to bins with particle sizes smaller than a few millimeters do not have the typical characteristics that this classification system is based on. Thus, the second problem in this former method is this discrepancy between the number concentration of the hydrometeors and the categories of identification.
To solve both problems, a better system for the identification of hydrometeors is needed. In this study, we introduce a new method that quantitatively identifies the main snow type by considering the contribution of each hydrometeor to precipitation.
New method for identifying the main snow type

Estimation of the mass flux of a particle
To evaluate the contribution of each particle to precipitation, we introduce the mass flux of the particle f, defined as
where m (mg) and v (m s −1
) are the mass and fall speed of the particle, respectively. The flux in Eq.
(1) is expressed in units of momentum. It can be interpreted as the efficiency with which a particle transfers mass of water from a cloud to the ground. The flux of a small particle, which generally has lower mass and fall speed, is expected to be smaller than that of a larger particle, but the number of small particles in a snowfall event is generally large. Their contribution to precipitation must therefore be clarified to consider the flux of all particles.
Although Eq. (1) includes particle mass, it is not practical to measure the mass of each particle since the mass of a solid hydrometeor cannot be simultaneously obtained by a general observation of its size and fall speed with a disdrometer as well as with our CCD camera system. Hence, we estimate the hydrometeor mass from the empirical relationship between mass and size. For some typical types of hydrometeors, both the size̶fall speed relationship and size̶mass relationship have been studied, and empirical formulas have been reported (Locatelli and Hobbs 1974; Ishizaka 1995) . Using these formulas, we can obtain the flux as a function of the particle size d.
In the case of lump graupel, for example, we can obtain the flux f from the size̶fall speed and size-mass relationships reported by Locatelli and Hobbs (1974) . In the same way, we can calculate the flux of the points for which the relationships between size and mass and between size and fall speed have already been found. Although there are some similar empirical relationships, as mentioned above, such points are confined only to the area through which the best-fit curves of the relationship pass. As shown in Fig. 5 , most points exist off these curves. It is thus necessary to estimate the particle flux for any size and fall speed.
To determine the flux of points off the curves, we took the following approach. As known from the above formulas for calculating flux, the values of mass flux continuously increase with size and velocity. The flux of a point, existing between two known best-fit curves, is thought to be intermediate between those on the two curves. Therefore, we estimated the flux from the flux of the two nearest-neighbor points on the empirical December 2013 M. ISHIZAKA et al.
best-fit curves, at both upper and lower sides of the bin, by taking an average in consideration for their distance. Each nearest-neighbor point was determined as the point at which the line drawn from the bin intersects perpendicular to the curve (Fig. 6 ). If we can select relations expressed with a power-law function, we can obtain the flux of the points of intersection by computation, as shown in the Appendix. The flux fp of the point P can be calculated as
where f1p and f2p are the flux of intersections F1 and F2, and d1 and d2 are the distances from point P to F1 and F2, respectively. This two-dimensional interpolation technique may be carried out using a few different methods, e.g., twodimensional spline interpolation. We did not compare our result with those obtained by other interpolation methods, and we are not suggesting that our approach is necessarily the best one. However, we believe it to be a reasonable and simple interpolation that is useful in this context because of the characteristics of mass flux as mentioned above.
Flux chart and flux table
The curves (or relationships) that we choose for the estimation of the flux are important; however, at this stage which curves we should choose are not uniquely determined. Our choice of curves depends on the information we want to obtain from the observed snowfall. In our case, we focus on snowfall in a temperate coastal area, where it occurs at air temperatures of around 0°C, and the snow is mainly composed of graupels, aggregates at different riming stages, wet snow, sleet, and rain. We therefore chose six formulas relating to these hydrometeor types (Fig.  5) . For rain, we adopted the size̶fall speed relationship reported by Atlas et al. (1977) : For graupel, we chose the relationships for both lump and hexagonal crystals reported by Locatelli and Hobbs (1974) . For lump graupel, v = 1.3d 0.66 , and m = 0.078d .
For aggregates, we used the relationships of densely rimed and rimed aggregates reported by Ishizaka (1995) . For densely rimed aggregates, v = 1.1d 0.15 , and m = 0.094d 1.9 , and for rimed aggregates, v = 0.96d 0.12 , and m = 0.068d 1.9 . Locatelli and Hobbs (1974) also reported relationships for similar types of aggregates, but we did not adopt them because of the problem in measuring aggregate sizes. These details are discussed later.
The relationship for dendrites reported by Nakaya All relationships adopted here are shown in Fig. 5 . The relationship for conical graupel reported by Locatelli and Hobbs (1974) (indicated with the dotted line "a" in the figure, and with the same curve as in Fig. 4) , was not adopted, because it was located between that for lump and hexagonal graupel.
These relationships could not be used for the small bins, where size and fall speed were smaller than 2 mm and 2 m s , respectively, within the dotted rectangle. This was because some of the curves for the relationships derived from measurements of larger particles intersected in these small bin areas. For this small area, we adopted only the three relationships indicated by the arrows in Fig. 5 and calculated the flux. At the boundary, the connection is not smooth, but the basic relationship holds: at larger sizes and fall speeds, flux increases. Integrating the calculation for both the small and large bin areas, we can obtain a list of the flux for all bins, referred to here as the "mass flux table." Figure 7 shows the table in size̶fall speed coordinates, referred to as the "mass flux chart." The mass flux chart expresses the efficiency of water transfer for a particle with size d and fall speed v. A larger particle flux implies a larger contribution to precipitation during snowfall.
In Fig. 7 , interpolation was carried out in the very large area between the curve of the hexagonal graupel and that of the densely rimed aggregate. In this region, very wet snowflakes were sometimes observed in large size bins. However, empirical relationships for them do not exist. The same situation was observed in the region between water droplet and lump graupel, where wet graupel or sleet was observed. For solid precipitation, interpolation was also extended to areas beyond the size ranges between which best-fit curves are adaptable. In those regions, by any strict definition, flux is unclear, and we consider the flux of these regions as "undefined." However, if we set an undefined area in the flux chart, we must determine the criteria that distinguish the defined regions from the undefined and provide an appropriate flux to the undefined particles. Some ambiguity will definitely remain this process. Therefore, we set no criteria in the mass flux chart at this stage. We expect this chart to be revised as the means for interpolation improve by further correct observations of size̶fall speed and sizemass relationships.
Mass flux expression and the center of mass flux
distribution Using the mass flux chart, we can calculate the accumulated mass flux for bins corresponding to all the particles in the targeted period. We then obtain a graphical expression for the mass flux distribution in the size̶fall speed coordinates, instead of one for the number (count) concentration (Fig. 4) . Figure 8 shows the mass flux expression for the same events introduced in Section 3 (Fig. 4) . Panels (A) and (B) represent the graupel and rimed aggregate cases, respectively, as in Fig. 4 . In both the cases, the contribution of large particles to the overall precipitation was relatively large, even though the number concentrations of these particles were relatively low. This gives grounds to identify case A as the graupel type and B as the rimed aggregate, although in both cases, small particles, having no typical characteristics, are abundant. This mass flux expression is one of the solutions we propose for the discrepancy, mentioned in Section 3, between the high number concentration in small-sized bins and the categories of identification based only on discernible hydrometeors in large bins.
However, the mass flux expression alone is insufficient to solve another problem related to the need for a fine, quantitative identification of snow types, although it reflects the contribution of hydrometeors to precipitation fairly accurately. Some subjectivity still remains with respect to identification as it relates to the pattern of mass flux distribution. For a more precise identification, we introduce a new variable, "center of mass flux distribution" (CMF) fc, which is defined in the same way as the center of gravity in mechanics. In the size̶fall speed coordinates, it can be expressed as
where ri is a vector that indicates the location of each particle in the size̶fall speed coordinates, and fi is its flux as determined by the flux chart. The CMF, which is a position vector in the size̶fall speed coordinates, is interpreted as the position with elements of average size and average fall speed, weighted by the mass flux. The CMFs in cases (A) and (B) are also shown by white circles in Fig. 8 . These points represent the central points of the mass flux for all the particles that contribute to precipitation during the observed period. Their size and fall speed can be considered to indicate those of the principal hydrometeor type among all the observed particles. In Fig. 4 , the number expression, the points of the averages of size and fall speed, which are one of the quantitative indexes for the two different type snowfall events, exist close to each other, and we can find only a slight difference between the two points in fall speed. However, in Fig. 8 , the location of the CMFs definitely differs from each other (Fig. 8) . In this case, although we looked at typically different snowtype events, we expect that the CMF, representative size, and fall speed with respect to mass flux can also reflect slight changes among snow events consisting of similar types of hydrometeors. Thus, assessing the location of the CMFs of targeted events in the size̶fall speed coordinates allows for the quantitative identification of the hydrometeor type, and it is further described in detail in the next section.
Verification of the new method and discussion
CMFs of different types of solid-type precipitation
To verify this new method, we applied it to some of our observations. Figures 9-1 and 9-2 show the CMFs Vol. 91, No. 6 Journal of the Meteorological Society of Japanand both the number and flux expressions for the size̶ fall speed relationships of solid precipitation observed over short (about 10 min or less) periods. Microphotographs of precipitation are also shown. Those photographs represent the principal hydrometeors found in the snowfall events at our observatory.
Figures 9-1 and 9-2 list the main types of solid precipitation, categorized as graupel (G), aggregates (A), and relatively small particles such as rimed single crystal and graupel-like snow (S). We found that the flux expression reflects the contribution of large particles closely and that the plotted location of the CMFs varies according to hydrometeor type and size distribution. By contrast, the locations of the average points, which indicate the average size and fall speed in numbers, are restricted in the small-sized region where the size is a few millimeters, and the fall speed is around 1 m s −1 or lower. It is difficult to quantitatively distinguish the main types of hydrometeors using these averages. Figure 10 shows the CMFs of all cases listed in Figs. 9-1 and 9-2. For graupel, the CMF of case G2, in which conical graupel was observed (microscopic photo in Fig. 9-1) , is located near the best-fit curve for the size̶ fall speed relationship of conical graupel. The CMF of G1, which includes less regular particles (photo in Fig.   9-1) , is plotted lower. For the G3 type, fall speeds are higher, and they seem, from the photograph, to be more rigid than the other graupel types. Correspondingly, its CMF is located slightly higher, reflecting its size̶fall speed distribution. For S1, which was identified as an early stage of graupel based on the microscopic photograph in Fig. 9-1 , the CMF is plotted in a lower region than the G types, but it is close to the curve for graupel-like snow (Locatelli and Hobbs 1974) , which accurately reflects its character as shown in the photograph. For the aggregates (group A) in Fig.  9 -2, the CMFs changed in the vertical direction, primarily according to the degree of riming (Fig. 10) . The CMF of A1, which was recognized to be a nonrimed aggregate of radiating dendrites (photograph in Fig. 9-2) , is located slightly above the empirical curve for similar aggregate types reported by Kajikawa (1996) . The CMF of A3, the most densely rimed aggregate in the A group, is located slightly below the curve for the densely rimed aggregates. For aggregates in the intermediate riming stage A2, the CMF is located between A1 and A3. Finally, the CMF of S2 is in the small size and fall speed regions, where the fall speed is between that of a single non-rimed crystal and graupel-like snow, accurately reflecting its smaller size and slightly lower degree of riming than S1. Curves "a" and "b" correspond to the empirical relationships for conical graupel as reported by Locatelli and Hobbs (1974) and that for densely rimed aggregate by Ishizaka (1995) , respectively.
Vol. 91, No. 6 Journal of the Meteorological Society of Japan 756 Fig. 9̶1 . Size̶fall speed relationships expressed with both the number and the mass flux expression for different types of solid precipitation (G1̶G3 and S1) observed for about 10 min or less. Date indicates each observation period. Microscopic photographs taken in the same period are also shown. The CMFs (red circle) are presented in the mass flux expression, along with the simple averages (green circle) of size and fall speed in the number expression. Curves "a" and "b" are the same as in Fig. 8 .
In this way, the CMF directly indicates differences in both size and fall speed, allowing for the fine quantitative identification of snow types, given observation equipment that can accurately measure hydrometeor size and fall speed. The CMF represents the mass flux distribution, which reflects the contribution of hydrometeors to precipitation, and is the key concept in our new identification method as well as in the mass flux expression itself. Figure 11 shows another example of the application of this method. In this figure, the CMFs for a 2-h snowfall event, from 10: 00 to 12: 00 on 9 January 2011, are shown in the size̶fall speed coordinates every 5 min. During the event, meteorological condiVol. 91, No. 6 Journal of the Meteorological Society of Japan 758 In photo A), the aggregates are heavily rimed, and the constituent crystals are hardly discernible. In photo B), the aggregates are similarly rimed, but constituent crystals can be discerned.
Changes in snow type and CMF transitions
tions did not change remarkably. The air temperature slightly changed from 0.1°C to 0.5°C under almost calm winds and a constant humidity of around 96%. Nevertheless, we were able to identify the changes in typical snow types as well as their size as follows.
In the first half of the period from 10: 00, the CMFs moved around the curve of a densely rimed aggregate (white circles). In the second half of the period, the CMFs shifted to the curve of a rimed aggregate (black circles). This transition implies that the degree of riming for the hydrometeors decreases during this snowfall period, which was confirmed by the close-up photographs in Fig. 12 . The photographs were taken with the camera set above the conveyor belt that carried particles falling through the opening in the roof into our low-temperature room. The CMFs at the time these photographs were taken are indicated by the arrows in Fig. 11 . Although the photographs are not particularly clear, the difference in riming stages can be seen. The constituent crystals of the aggregates in photograph A) taken at 10:11 are not discernible, whereas those in photograph B) taken at 11:48 are discernible. This example suggests that the CMF can clarify not only the principal snow type and principal size but also the transitions between the snow types fairly well if an appropriate calculation duration for the CMF is selected.
Relationship used for the mass flux chart
We did not choose the relationship reported by Locatelli and Hobbs (1974) for the aggregate in Section 4.2, even though they measured both size̶fall speed and size-mass relationships for various aggregate types. In their study, particle dimensions were not measured in the air but instead on a plastic sheet after the particles had landed. The aggregates probably flattened when striking the sheet; thus, their measured dimensions could have been larger than their free-fall dimensions, as Locatelli and Hobbs (1974) also mentioned such a possibility. Thus, we did not adopt their relationships for the aggregates.
Instead, we adopted the relationships reported by Ishizaka (1995) , who determined aggregate size based on images of the aggregates captured as they fell in static air. Figure 13 shows the differences in both size̶ fall speed and size-mass relationships for the densely rimed aggregates as calculated by Locatelli and Hobbs (1974) and Ishizaka (1995) . Aggregate fall speed generally does not strongly depend on size. This is because aerodynamic resistance increases according to dimension, but so too does mass. Consequently, the difference between the two relationships was not large in terms of fall speed. However, the mass-size relationship difference could not be neglected, as shown in Figs. 13A and 13B . Because a large difference in mass affects the estimation of the flux, we did not adopt the relationships by Locatelli and Hobbs (1974) for the aggregates.
However, it is difficult to determine more accurate relationships for aggregates because of the uncertainty in the snowflake properties and their high variability, as discussed previously by Khvorostyanov et al. (2005) and other researchers. for densely rimed aggregates reported by Ishizaka (1995) , and Locatelli and Hobbs (1974) .
Estimation of precipitation using the mass flux
The total mass flux of particles must correspond to the total precipitation. In our observations, we measured the number of particles in a spatial volume with the CCD camera. The product of the flux of particles and the number of particles per unit volume should yield the precipitation for the period for which the fall speed is timed. Figure 14 shows the relationship of hourly precipitation estimated from the mass flux and that measured at every hour from December 2010 to March 2011 when the temperature was below 0°C. Precipitation was measured about 2 meters away from the opening slit in the CCD system within the same double-net fences for avoiding any loss caused by wind. We used a specially designed rain gauge, the Snow-Rain Intensity Meter, developed by the Tamura Snow Measurement Laboratory, having a resolution of 0.005 mm per minute (Tamura 1993; Misumi 2006) .
A linear relationship can be seen in the figure, even though the estimated values are lower than the measured ones, and the data are scattered to some extent. The underestimation is thought to originate from our observation system and the flux chart itself. In our system, we observe particles falling through a 20-cm-wide slit. Slanting roofs at a height of about 50 cm are set on boards at both sides of the slit to prevent the accretion of snow by heating. These constructions may have reduced the number of particles falling through the slit, which would then result in a reduction of the effective spatial volume captured by the CCD camera. The intensity of illumination and the threshold level of binarization might also be related to a reduction in the number of particles counted in our system. These are the possible causes for underestimation that we can think of with respect to our observation system. On the flux chart itself, we think it is necessary to examine differences between the estimated values and the observed ones according to snow type and particle sizes. It is also necessary to evaluate the chart itself and to adapt it to other observation systems such as the Parsivel optical disdrometer, which we have used. Detailed results of these investigations will be discussed in a future study.
Although there remains some uncertainty regarding the absolute values of the flux, the linear relationship indicates that the estimation of precipitation is possible using the mass flux chart, multiplying the estimated values by a certain constant. Moreover, it is also found that the CMF does not vary when multiplied by a certain constant, as defined in Eq. (2).
Summary
We propose a new method to quantitatively describe the main snow type contributing to precipitation based on the relationship between measured size and fall speed. To evaluate the contribution of measured particles to precipitation, we introduce the mass flux, defined as the product of mass and fall speed. The mass flux of each measured hydrometeor is estimated from the empirical size-mass and size̶fall speed relationships, resulting in the mass flux table or the mass flux chart. Furthermore, we introduce the center of mass flux distribution (CMF), derived from the number of measured particles and their estimated mass flux. We consider the CMF to represent both the size and fall speed of the hydrometeors mainly contributing to precipitation during an observation period. Thus, we can quantitatively describe the main hydrometeor type by identifying the location of the CMF in size̶fall speed coordinates.
We applied our method to various cases with different solid precipitation types. The CMF locations varied according to the dominant hydrometeors in the size̶fall speed coordinates, reflecting slight differences in both size and snow type. Changes in the CMF position indicate transitions in the main type and dimension of hydrometeors. This study also shows the possibility of estimating precipitation from the mass flux, but the estimated values underestimate the observed values. Further investigations are needed in this field.
In this study, we focused on solid precipitation, which are the types of precipitation measured by our Vol. 91, No. 6 Journal of the Meteorological Society of Japan 760 observation system. However, this method can be applied to any type of precipitation, so long as both size and fall speed can be accurately measured. Recently, various types of disdrometers that can automatically measure sizes and fall speeds have been developed, including the abovementioned Parsivel and the two-dimensional disdrometer (Kruger and Kajewski 2002) . Some of these devices can measure all types of precipitation, from solid to liquid. It would be interesting to apply this method to both solid and liquid precipitation measurements, although for hydrometeors of intermediate states between liquid and solid, the existence of size̶fall speed and size-mass relationships is rare.
For solid precipitation, estimated flux are slightly ambiguous both because the empirical relationships for the calculation of the flux chart are not uniquely determined, and the relationships are approximate because of the high variability in the shapes of solid precipitation and the restriction on the ranges of particle size. However, the method presented here is the first to be based on actual observed size̶fall speed relationships of hydrometeors in conjunction with their contribution to precipitation. Hence, the principal hydrometeor type indicated by the CMF can be restricted within the measured size̶fall speed distribution, and so considered to reflect the characteristics of the precipitation event, even if some uncertainty remains regarding the absolute value of mass flux.
Real precipitation generally includes an abundance of hydrometeors of diverse types and sizes. The method introduced here is designed to help interpret the characteristics of precipitation by considering its complex features. Therefore, the method should be useful both for the identification of the main types of hydrometeors in a precipitation event and for the quantitative interpretation of radar return and other solid precipitation-related problems.
